Nondestructive characterization of each of the layers (d) of a multilayer thin film structure (25) is obtained by directing a first beam of radiation (40) into an optical coupler (37) having a base (38) in contact with the sur face of the structure (25). The angle of the beam enter ing the coupler is such that the beam is reflected from the base with an evanescent wave component passing from the coupler and coupling into the multilayer thin film structure as a real beam. The real beam is reflected
from the layers of the thin film structure (25) back in the coupler (37) where it combines with the beam (51) re flected from the base and exits the coupler with an intensity related to the characteristics of the structure layers. A servo motor (46) rotates the coupler to scan the first beam therein and a detector (50) detects the intensity of the combined beams exiting the coupler during the scanning thereof by the first beam. A con puter (60) compares the detected reflectance intensity sensed by the detector with the reflectance intensity of structures having known characteristics to determine the characteristics of the multilayer thin film structure ENTER This invention relates generally to a method and apparatus for nondestructively determining the charac teristics of a multilayer thin film structure. Particularly, the composition and layer thickness of a multilayer thin film structure, such as those used to fabricate electronic integrated circuits, are determined.
BACKGROUND OF THE INVENTION
In the process of fabricating electronic integrated circuit devices, reactants are deposited on the surface of a wafer of semiconducting material to epitaxially grow layers of p-and n-type conducting material thereon to establish the electrical characteristics of the device. In practice, each epitaxially grown layer is usually very thin, on the order of 0.1-10 um, and has the characteris tics of a thin film. For this reason, a semiconductor wafer having a plurality of layers epitaxially grown thereon is often characterized as a multilayer thin film structure.
Controlling the thickness and homogeneity of each epitaxially grown layer during the fabrication process is essential. Variations in the thickness and homogeneity of each layer cause deviations in the electrical charac teristics of the resultant device which are undesirable.
Therefore, a precise knowledge of the thickness and homogeneity of each layer is required if the fabrication process is to be carried out correctly.
In the past, measurements of the thickness of each layer of an integrated circuit device have been accom plished by viewing a cross section of the device under a scanning electron microscope. Wnen the device is viewed under such a microscope, each layer can be observed quite clearly, allowing the thickness thereof to be determined very accurately. However cross section ing the device renders it useless for its intended purpose.
For a structure comprised of an energy absorbing substrate having a single thin film layer thereon, such as a silicon wafer having an overlying SiO2 coating, the layer thickness can be measured in a nondestructive manner using the technique described in our paper "Resonant Frustrated Total Reflection Technique for the Characterization of Thin Films' published in Ap plied Optics, Vol. 21, No. 12, June 15, 1982 To characterize a single layer structure using the principles of frustrated total reflection (FTR), an opti In practice, the coupler comprises a hemicylinder hav ing a flat base which is pressed against the thin film layer. Because of surface imperfections, there will typi cally be a gap or layer of air between the base of the coupler and the surface of the thin film layer.
A beam of collimated electromagnetic radiation is directed into the coupler at such an angle so that the radiation strikes the base and is reflected therefron.
Because of the hemicylindrical geometry of the cou pler, the radiation reflected from its base will, upon striking the curved suface of the coupler, be normal thereto and pass readily therethrough. Notwithstanding the reflection of the beam from the base of the coupler, a portion of the energy of the beam is nonetheless cou pled into the thin film layer via an imaginary wave of exponentially decreasing amplitude (an evanescent wave) which exits in the layer of air separating the coupler from the thin film layer. Within the thin film layer, the wave ceases to exponentially decay, that is, it ceases to evanesce. The wave becomes real, that is, substantially fixed in amplitude. This beam which prop agates through the thin film layer is reflected at the thin film-layer substrate interface and is then reflected at the air-thin film interface.
As the beam propagates through the thin-film layer, the beam undergoes a shift in phase. The magnitude of the phase shift of the wave varies as the magnitude of the expression (nticos6)/N, where n1 and ti are the index of refraction and the thickness, respectively, of the thin film layer, 0 is the angle at which the beam enters the coupler and A is the wavelength of the beam. Thus, the magnitude of the shift in phase of the beam is propor tional to the thickness of the thin film layer. For a thin film layer of a certain thickness there is a certain phase shift of the beam associated therewith. The magnitude of the phase shift of the beam as it propagates through the thin film layer is often referred to as the "phase thickness' of the layer.
By scanning the coupler with the beam either by varying A or 0 or both, the phase thickness of the thin film layer can be varied. When the phase thickness of the thin film layer equals the sum of the shift in phase which the beam undergoes at the interface between the layer of air and thin film layer and at the interface be tween the thin film layer and the substrate, then reso nance will occur. At resonance, little of the energy of the beam propagating through the thin film layer and reflected at the thin film layer-air layer interface is cou pled back into the coupler through the air layer for combination with the beam reflected from the coupler because of interference. As a result, for those values of A and 6 at which resonance occurs, sharp minima ap pear in the spectra of the intensity of the radiation re flected from the optical coupler. From a knowledge of the value of A and 6 at which resonance occurs, the theoretical thickness of the thin film layer can be calcu lated. In practice, the error between the theoretical thickness and the actual layer thickness has been found to be quite small. 4,625,114 3 In addition to enabling nondestructive measurement of the layer thickness, the FTR technique described in our paper can also be used to determine the index of refraction ni of the single thin film layer at various loca-5 tions thereon to determine the homogeneity thereof. If both the thickness and index of refraction of the layer are unknown, then for two sets of values of M and 6 at which resonance occurs, two equations relating index of refraction and layer thickness can be obtained. From the two equations, a value for the index of refraction and for the layer thickness can be obtained. Since the index of refraction of the thin film layer is indicative of its composition, by measuring the index of refraction at several locations thereon, the homogeneity of the layer can be determined.
The FTR layer characterization technique is most effective for determining characteristics of a single layer. However, problems arise when attempts are made to measure the thickness and the index of refrac tion of the individual layers of a multilayer thin film structure, such as an integrated circuit device. One reason why the previously described method is unsuited for characterizing the individual layers of a multilayer thin film structure is that the technique fails to account for the individual phase thickness associated with each layer. A further reason is that the prior technique does not take into account the fact that when a beam propa gates through a multilayer thin film structure it is par tially reflected and partially transmitted at the interface between each pair of layers. Accordingly, characteriza tion of the layers of a multilayer thin film structure in the past has been accomplished by viewing a cross sec tion thereof under a scanning electron microscope with the disadvantages attendant thereto.
Thus, there is a need for a technique for nondestruc tively characterizing the individual layers of a multi layer thin film structure.
SUMMARY OF THE INVENTION
The foregoing problems are overcome by the method of the present invention for nondestructively determin ing the characteristics of each layer of a multilayer thin film structure. The method is initiated by directing a first beam of radiation into an optical coupler, having a base in contact with the surface of a multilayer thin film structure, at such an angle that the beam is reflected therefrom with an evanescent wave component passing from the coupler and coupling into the multilayer thin beams exit the coupler with an intensity related to the characteristics of the structure layers. The coupler is scanned by the first beam during which time the reflec tance intensity of combined beams leaving the coupler is measured. The detected reflectance intensity is then compared to the reflectance intensity of structures hav ing known characteristics to determine the characteris tics of the multilayer thin film structure. A beam of collimated radiation 18 from a source such as a laser (not shown) of a wavelength A is directed into the coupler 10 at an angle 6 with respect to a line 20 passing radially through the coupler so as to be normal to the base 11. A portion of the incident beam 18 strik ing the coupler 10 is reflected at the base 11 and is depicted as beam 21. Because of the hemicylindrical geometry of the coupler 10, the reflected beam 21, upon striking the curved surface of the coupler, will be nor mal thereto. As a result, the reflected beam 21 passes from the coupler 10 into free space. Another portion of the incident beam 18 striking the coupler is refracted thereby and passes from the base 11 into the air layer 17. The refracted beam is identified by reference numeral 22. The refracted beam 22 makes an angle a with the line 20 which, from Snell's Law, is given by ncSin6=ng Sino.
( 1) where n and n are the indices of refraction of the cou pler 10 and the layer 17, respectively. In practice, na is assumed to be 1.0. For purposes of simplicity, the cou pler 10 is assumed to be transparent. Therefore, the index of refraction ne of the coupler 10 is assumed to be a real value rather than a complex value as would be the case if account was taken of the impurities in the cou 4,625,114 5 pler which could cause some absorption of the light passing therethrough. If the index of refraction ne of the coupler 10 is greater than na, then at a critical angle 6 the angle a becomes 90. The critical angle 6 is mathematically defined by the relationship sinéc=na/nc.
The critical angle 0 depends on the index of refraction ne of the coupler 10. For example, when the coupler 10 is fabricated from germanium which has an index of refraction of ne=4.0, then 6 is approximately 15. For the condition 6=0, at which the angle a of the refracted beam 22 becomes 90, the beam 18 incident on the coupler 10 appears to be totally reflected from the base 11 for the condition when no thin film layer 12 is in contact with the base. However, when the thin film layer 12 is in contact with the base 11 and 6.d6, then the refracted beam 22 no longer remains real because the angle of refraction a now possesses both a real and imaginary component in order for equation (1) to re main satisfied. As a consequence of the imaginary com ponent in the angle a, the radiation coupled by the coupler 10 into the layer 17 propagates therethrough not as beam 22 which is real, but as an imaginary wave 23 which decays exponentially (evanesces).
The evanescent wave 23, when it enters the interface between the layer 17 of air and the thin film layer 12, ceases to be imaginary. Upon entering the layer 12, the evanescent wave 23 becomes a real beam 24. The trans formation of the evanescent wave 23 into the real beam 24 occurs because, when the index of refraction of thin film layer 12 is greater than na, then the angle 61 at which radiation propagates through the thin film layer 12 has no imaginary component. Hence, any radiation which propagates through the thin film layer 12 will not be imaginary but will appear as a real beam. The value of 61 can be obtained from the value of 6 using equation
(1).
Upon striking the substrate 14, the beam 24 is par tially reflected therefrom and partially transmitted therethrough. However, since the substrate 14 is typi cally energy absorptive, that portion of the beam 24 propagating therethrough is absorbed thereby. The portion of the beam 24 reflected by the substrate 14 propagates back through the thin film layer 12, and when 6>6, the beam will be internally reflected at the layer 17-thin film layer 12 interface in the same man ner the beam 18 is reflected from the coupler 10. How ever, some radiation will be coupled back through the layer 17 of air and into the coupler 10 by way of an evanescent wave (not shown) in exactly the same way that radiation is coupled into the thin film layer 12 by the evanescent wave 23.
The beam 24 propagating through the layer 12 under goes a shift in phase, the magnitude of which is depen dent on a quantity associated with the thin film layer known as phase thickness J. Mathematically, the phase thickness I of the thin film layer 12 is given by the expression where n! is the index of refraction of the thin film layer. In practice, the wavelength of the beam 18 of entering the coupler 10 is selected such that the thin film layer 12 appears transparent to the beam 24 which propagates therethrough. Thus the index of refraction nt of the thin film layer 12 is assumed to take on a real, rather than complex value. By varying the angle 6 at which the beam 18 enters the coupler 10 or by varying the wavelength thereof, while holding the other parameter constant, the phase thickness of the thin layer 12 can be made to vary. In practice, the angle 6 is made to vary while A is held constant. For one or more values of 6 and A, the shift in phase of the beam 24 attributable to the phase thickness of the thin film layer 12 will equal the sum of the phase shift of the beam at the interface between the layer 17 and layer 12 and at the interface between the layer 12 and the substrate 14. Mathematically, such a condition may be expressed by 2|-b17,12-d12, 14 = 0 (mod 27t)
where d17, 12 and d12, 14 represent the angular phase shift of the beam 24 at the interface between the layer 17 of air and the thin film layer 12 and at the interface between the thin film layer and the substrate 14, respec tively.
The phase shift d17, 12 is given by the expression )-(e.g. )
The phase shift d14, 16 is given by a similar expression )-(stagio)
Since the substrate 14 is energy absorptive its index of refraction Ns will be given by the expression ins-iks where insis the real component and Ks is the imaginary component, representing the absorption of energy by the substrate.
For those values of A and 6 at which equation (4) each minima in the spectra, designated as 6min, corre sponds to the value of 6 at each condition of resonance.
From the value of 6in obtained from the reflectance spectra of FIG. 2 , the theoretical thickness t!of the layer 12 can be calculated using equations (3) and (4). In practice, very good agreement has been found between the actual layer thickness, as measured by using an electron scanning microscope, and the theoretical layer thickness.
Referring to FIG. 3 , the above-described FTR tech nique has not proven useful for characterizing the layer thickness and homogeneity of a multilayer thin film structure 25, comprised of an energy absorbing sub strate 26 overlying which is a plurality of thin film layers d1,d2, d3. . . dn, each having a thickness t1, t2, t3. . . tin, respectively, and an index of refraction n1, m2, m3. ... nn, respectively. The reason why difficulties arise in attempting to use the previously-described FTR tech Note that the beam 32 may be transformed into an eva nescent wave within one or more of the layers d2, d3.. . . . dn depending on the relationship of the indices of re fraction of each pair of adjacent layers, As the beam 32 propagates through each of the layers d1-din, the beam undergoes a shift in phase depending on The lock-in amplifier 56 has an input coupled to the output of the photodetector 50. Those signals at the input of the lock-in amplifier 56 which are approxi mately equal in frequency to the reference signal sup plied to the motor 54 are amplified by the amplifier and passed to its output. Those signals whose frequency is larger or smaller than that of the fixed frequency refer ence signal are rejected by the lock-in amplifier 56.
By amplifying only those signals from the photode tector 50 which are approximately equal in frequency to the reference signal supplied to the motor 54, the lock in amplifier 56 effectively synchronizes the output sig nal of the photodetector 50 to the modulation of the beam 51 which is identical to the modulation of beam 40. By synchronizing the output signal of the photode tector 50 to the modulation of the beam 40, the ampli tude of the output signal of the detector is made much less sensitive to any noise in the beam.
In practice, an X-Y cathode ray tube (CRT) display apparatus 58 has a Y input coupled to the output of the lock-in amplifier 56. The CRT display device 58 has an X input coupled to the control unit 48 so as to be sup plied therefrom with periodic pulses, the frequency of which vary as the rotational speed of the table 34. The CRT display device 58 will display a waveform which corresponds to the variation in the output signal ampli tude of the detector 50 as a function of the rotation of the table 34. Thus, the resultant waveform displayed on the CRT display 58 corresponds to the reflectance spec tra associated with the thin film structure 25. ... cn of a vector cn} is assigned the value of a separate one of the previously entered nominal thickness values l1, 12, 13. ... ln respectively (step 64). Next, the theoreti cal reflectance spectra of the structure 25 as a function of the angle 6 is calculated in accordance with the vec tor {c} (step 66).
To accurately compute the theoretical reflectance spectra associated with the structure 25 during step 66, it is necessary to account for the fact that the beam 32 of In order to accurately compute the reflectance spec tra of the multilayer thin film structure 25, it is also necessary to account for the fact that there is a phase thickness associated with each layer di. Mathematically, the phase thickness of each layer di can be expressed by a matrix i
where j is the complex operator and 3 is given by the expression dini (11) where 6i represents the angle between the beam travel ing through the layer di and a line (not shown) normal 4, 625, 114 11 to the interface between the layers di-1 and di. The value of 6 is obtained from the value of 6-1 using Snell's Law. A value for 61 is obtained from 6 using Snell's Law.
The multilayer thin film structure 25 may be thought of as an ordered sequence of layers with an associated interface therebetween. Mathematically, the structure 25 can be characterized by 2x2 matrix'S which is the ordered product of the matrices 12,13 I-1, and the matrices l, l, l .D. Mathematically, the matrix S can be expressed as 12 S1 S12 (12) S = s. = 0,1 1,2' 2. . . In-1,n in
Once the matrix S has been found, the intensity R of the light reflected from the coupler 36 for each value 0 will be given by S21/S112. Note that for each new value of 0, the matrix S must be recomputed. By computing the intensity R for each of a plurality of values of 0, the theoretical reflectance spectra for the structure 25 is obtained.
Following calculation of the theoretical reflectance spectra associated with the multilayer thin film struc ture 25, the actual reflectance spectra associated there with is entered into computer 60 of Once the actual spectra has been entered, the com puter 60 determines each of the angular minima (6min) which are present in the actual reflectance spectra of the multilayer thin film structure 25 (step 70). The com puter 60 then determines each of the angular minima (0min {c}) present in the theoretical reflectance spectra associated with the multilayer thin film structure 25 (step 72).
Once each of 6min and 6min (c) have been deter mined, a difference value, A, is calculated (step 74) in accordance with the relationship A=X(9min-8 min({cr})
Thereafter, the value of A is compared to a predeter mined measurement tolerance value Ao (step 76 Once a new value A has been calculated during the subsequent execution of step 74, this value of A is com pared to AO during step 76. Should Abe greater than A during reexecution of step 76, the program execution branches to step 82 during which the previously up dated nominal layer thickness values l1, 12, 13 are again updated before proceeding once again to step 64. Other wise, should Ao be greater than A during step 76, then program execution will branch to step 78.
The number of iterations of the program required to obtain an accurate approximation of the layer thick nesses t1, t2, t3. . . tindepends on how closely the nominal layer thickness values 11, 2, 13. ... ln entered during step 62 approximate the actual layer thickness values. If the nominal layer thickness values entered during step 62 do not differ very much from the actual layer thick nesses of the multilayer thin film structure 24, then only a few iterations of the program may be necessary.
As may now be appreciated, the above-described program operates to determine the layer thickness t1-tn of layers d1-din, respectively, by comparing the actual reflectance spectra associated with the structure 25 to the reflectance spectra of multilayer thin film structures having known characteristics until a substantial match between reflectance spectra is obtained. Instead of cal culating the reflectance spectra of the different multi layer thin film structures in the manner described above, the actual reflectance spectra of each could be measured.
In addition to determining the layer thickness t1, t2, ts . . , t of the layers d1,d2, d3 . . . dn respectively, of the thin film structure 25 of FIG. 3, the program of FIG. 5 can also determine the index of refraction of n1, m2, n3.
... nn of each of the layers, respectively, as well. During step 62, nominal values of n1, m2, n3. . . nn are entered together with the nominal thickness values 11, 12, 13 . . . ln. Program execution of steps 64-76 then proceed in the manner described previously with the nominal val ues of n1-nn being used to compute each 6min(c)).
If As A when these two terms are compared during step 76, then during step 82, not only are the values of 11, 12, 13 . . . ln updated, but the values of n1, m2, n3 are updated as well. When the condition A2A is satisfied during subsequent reexecution step 76, then each of the values of n1, m2, n3. . . nn entered during step 62 (and updated as necessary during one or more executions of step 82) is output during step 78 as being an accurate approximation of the actual refractive index of a corre sponding one of the layers d1,d2, d3... dn respectively.
Determination of the index of refraction n1, m2, n3. . . . . nn of the layers d1,d2, d3. . . dn allows the composition of each layer to be established since a particular layer
